A role for connexin (Cx)30 in epithelial repair following injury was examined in the organ of Corti, the sensory epithelium of the cochlea. In this tissue, lesions caused by loss of the sensory hair cells are closed by the supporting cells that surround each one. Gap junctions in which Cx30 is the predominant connexin are large and numerous between supporting cells. In mice carrying a deletion in the gene (Gjb6) that encodes Cx30, the size and number of gap junction plaques, and the extent of dye transfer, between supporting cells was greatly reduced compared with normal animals. This corresponded with unique peculiarities of the lesion closure events during the progressive hair cell loss that occurs in these animals in comparison with other models of hair cell loss, whether acquired or as a result of a mutation. Only one, rather than all, of the supporting cells that contacted an individual dying hair closed the lesion, indicating disturbance of the co-ordination of cellular responses. The cell shape changes that the supporting cells normally undergo during repair of the organ of Corti did not occur. Also, there was disruption of the migratory activities that normally lead to the replacement of a columnar epithelium with a squamous-like one. These observations demonstrate a role for Cx30 and intercellular communication in regulating repair responses in an epithelial tissue.
Introduction
Gap junction channels are composed of hexamers of the protein, connexin. There are 21 connexin genes in the human genome and 20 in that of the mouse (Bedner et al., 2012) . There is some understanding of the varying biophysical properties of channels of different connexin composition (Kanaporis et al., 2011; Manthey et al., 2001; Yum et al., 2007) but the functional significance of expression of a particular connexin in a tissue is less clear.
In the organ of Corti, the sensory epithelium of the cochlea, each sensory 'hair' cell is surrounded and separated from its neighbours by the non-sensory supporting cells, and supporting cells are extensively coupled by numerous, unusually large gap junctions Jagger and Forge, 2006) . The gap junctional channel proteins that are localized to these cells are connexin 26 (Cx26) and connexin 30 (Cx30) and several cell types co-express Cx26 and Cx30. In vitro studies using cell lines have shown that Cx26 and Cx30 can oligomerize to form heteromeric channels Yum et al., 2007) and there is evidence that Cx26/Cx30 heteromeric channels exist in the cochlea (Ahmad et al., 2003; Forge et al., 2003; Jagger and Forge, 2006) . However, there are regions where Cx26 is the predominant connexin and others where Cx30 predominates (Jagger and Forge, 2006) . In the functionally mature organ of Corti of mice, Cx30 is the predominant connexin in the gap junction plaques between apposed Deiters' cells, the supporting cells that surround the outer hair cells (OHC) (Jagger and Forge, 2006; Sun et al., 2005) .
During sound-induced mechanotransduction, hair cells modulate a K + current that flows through them from the K + -rich (endolymphatic) fluid that bathes the luminal surface of the sensory epithelium to the K + -poor extracellular spaces that surround the bodies of the hair and supporting cells. The supporting cells are thought to buffer the extracellular K + to maintain a low K + concentration around the hair cell body. K + is redistributed away from the sensory region via an intracellular route involving gap junction mediated intercellular communication (Wangemann, 2002) . However, channels composed of the connexins present in the organ of Corti do not especially favour K + transfer in comparison with channels composed of other members of the connexin family. Thus, it seems likely that the particular connexins expressed in the organ of Corti support specific activities in addition to K + buffering, and supporting cells have other roles. When OHC die, the Deiters' cells can act as phagocytes to take up the cellular debris (Abrashkin et al., 2006; Forge, 1985; Taylor et al., 2008) . Also, when hair cells are lethally injured the supporting cells expand to close the lesion created by the dying cell in a manner that preserves tight junctional permeability barriers at the luminal surface of the sensory epithelium (Forge, 1985; McDowell et al., 1989; Raphael and Altschuler, 1991) . This lesion closure involves a coordinated response by all those supporting cells that surround an individual hair cell and results in a stereotypical, regular pattern of cells at the apical surface of the epithelium (Forge, 1985; Hawkins and Engstrom, 1963; Raphael and Altschuler, 1991) . How the co-ordination of cell responses is achieved is not known but the presence of numerous large gap junction plaques between Deiters' cells suggests the possibility that some of the necessary intercellular signalling might be conveyed by gap junctions. In skin, gap junctions are thought to be important for co-ordinating cellular responses during wound healing (Kretz et al., 2003) and it has been proposed that Cx30 may play a crucial role (Coutinho et al., 2003) in those events.
Mice with ablation of the gene (Gjb6) that encodes Cx30 (Cx30 null mice) are long-lived, breed and show no obvious abnormalities except they are profoundly deaf from the usual time of hearing onset [postnatal day (P)12] and undergo progressive OHC loss beginning at around P15-P16 Teubner et al., 2003) . The availability of these mice affords an opportunity to test the hypothesis that intercellular communication mediated by Cx30 plays an important role in lesion repair responses in an epithelial tissue. Here we use the Cx30 null mice to examine the effects of absence of Cx30 upon gap junctions and intercellular communication in the mature organ of Corti and upon repair of the sensory epithelium following hair cell loss.
Results
In normal mice, the onset of hearing is around P12 by which time the organ of Corti is structurally mature. Although Cx30 null mice are deaf at P12 , their organs of Corti appeared to reach structural maturity at around the same age (Fig. 1A) . This indicates that loss of Cx30, which in normal mice is first detectable in the organ of Corti at about P8-P10 (Jagger and Forge, 2006; Qu et al., 2012) , does not obviously affect organ of Corti development.
Connexin expression pattern in the organ of Corti
In WT animals, immunolabelling both of whole mount preparations (not shown) and frozen sections (Fig. 1B) of the organ of Corti showed Cx30 to be the predominant connexin expressed amongst Deiters' cells. Labelling for Cx26 was weak in this location, but there was intense labelling for Cx26 in cells either side of the Deiters' cell/OHC region (Fig. 1B,C) usually together with Cx30 (Fig. 1B) . Cx26 labelling often appeared to be predominant on inner pillar cells and Hensen's cells. In the organ of Corti of Cx30 null animals there was also very little labelling for Cx26 amongst Deiters' cells, although some small plaques of Cx26 positive labelling were evident (Fig. 1D) , indicating that the loss of Cx30 is not compensated for by any significant upregulation of Cx26. Elsewhere the labelling for Cx26 appeared similar to that in the organ of Corti of WT animals (Fig. 1C) . To determine whether loss of Cx30 might be compensated for by expression of another connexin, the cochleae of Cx30 null animals were immunolabelled for Cx43. Cx43 is expressed in the organ of Corti in the earliest stages of its differentiation, but is downregulated at early post-natal ages and disappears from the organ of Corti prior to the age at which expression of Cx30 is initiated (Cohen-Salmon et al., 2004) . Labelling for Cx43 in the mature cochlea of Cx30 null animals was the same as that in control animals : it was confined to the extreme lateral edge of the spiral ligament but was absent from the organ of Corti (not shown).
Gap junctions in Cx30 null mice
In thin sections of the organ of Corti of control animals, the plasma membranes of the cell bodies of adjacent Deiters' cells, below the level of the OHC, were parallel and closely apposed, and there were large gap junctions running a considerable length along the appositions ( Fig. 2A) . In the Cx30 null animals there were significant separations of the apposed membranes of Deiters' cell bodies interspersed with a few short 'kiss-like' segments of close apposition (Fig. 2B ) some of which exhibited gap-junction-like structure (Fig. 2B, inset) . Sometimes the separations of the cell bodies were quite wide affecting the majority of the region of apposition between adjacent cell bodies (Fig. 2B ). These structural features were evident in regions where all hair cells were present at all ages examined from P14 to 3 months, between cells of all three rows of Deiters' cells and at all locations along the cochlear spiral. In conditionally Cx26 deficient mice, in which Cx26 is absent from the organ of Corti , maturation of supporting cells is delayed, but a near mature structural condition is apparent where hair cells persist at 60 days after birth, particularly in the apical half of the cochlea. In thin sections of the organ of Corti of conditionally Cx26 deficient animals of this age (Fig. 2D ) appositions between the membranes of adjacent Deiters' cell bodies appeared similar to those in control animals. Plasma membranes were closely apposed and parallel with no separations, and there were long gap-junction-like structures extending the length of the appositions. These observations confirm that deficiency in Cx30 results in a specific change in the intercellular relationships between Deiters' cells.
Freeze-fracture revealed effects on the size and number of gap junctions between Deiters' cells with absence of Cx30. In freezefracture replicas gap junctions appear as plaques of closely packed particles, ca.10-12 nm diameter on the fracture face of that plasma membrane leaflet that apposes the cytoplasm (the 'p'-face), or as small pits on the fracture face of the plasma membrane leaflet that apposes the extracellular space ('e'-face) . These particles (or pits) represent the gap junctional channel units (connexons). In the organs of Corti of control mice, gap junction plaques on the fracture faces of the membranes of Deiters' cells were numerous and large, of a size and number consistent with those previously described for normal animals of several different species (Fig. 3A,B) . In Cx30 null animals some gap junction plaques were still evident upon the fracture faces of Deiters' cell bodies, but these were small ( Fig. 3C-E) , often consisting of no more than two or three short rows of connexons (Fig. 3E) . The plaques were dispersed along the membranes at separations approximately similar to those of the kiss-like appositions revealed in thin sections (Fig. 2B,C) . In contrast to the changes in gap junction plaques evident amongst Deiters' cells, gap junctions associated with Hensen's cells, those cells immediately adjacent to the Deiters' cells on the outer side of the organ of Corti, were similar in size to those associated with this cell type in normal animals (Fig. 3F ). Gap junctions in the Hensen's cell region are likely to be formed of homomeric Cx26 channels and heteromeric Cx26/Cx30 channels ( Fig. 1B) (Jagger and Forge, 2006; Sun et al., 2009 ). The fracture faces of the plasma membranes of Hensens' cells were identified by the presence on them of square arrays of particles (or pits) characteristic of aquaporin 4 that has been localized to that cell type (Hirt et al., 2011) . 
Intercellular communication between supporting cells in the organ of Corti
We have shown previously (Jagger and Forge, 2006; Taylor et al., 2012) that in the normal organ of Corti there is extensive gap junctional communication between the supporting cells, and that in the functionally mature organ of Corti, there are two coupled compartments. One consists of all the supporting cells from the inner pillar cells inwards; the other consists of outer pillar cells, Deiters' cells and all those cells to the outer side. Thus, when neurobiotin (Nbn) was injected into an individual Deiters' cell ( Fig. 4B) it spread radially to all other Deiters' cells, to Hensen's, cells and all the cells on the outer side of the organ of Corti as well as inwards to the outer pillar cells. However, it did not cross to the inner pillar cell. The dye also spread from the injected Deiters' cell to many other cells longitudinally. Likewise dye injected into a single Hensen's cell (not shown) transferred radially to Deiters' cells and to the cells to the outer side, as well as longitudinally.
In the structurally mature organ of Corti of Cx30 null animals at P15-P16, dye transfer amongst Deiters' cells was severely restricted. Nbn injected into a single Deiters' cell spread to only a very few other Deiters' cells ( Fig. 4C) , consistent with the reduced size and number of gap junction plaques on Deiters' cells observed by freeze-fracture. Furthermore the tracer did not transfer from the Deiters' cell to Hensen's cells (Fig. 4C) . Similarly, dye injected into a single Hensen's cell did not transfer to Deiters' cells ( Fig. 4D) . It did however, spread extensively to other Hensen's cells and the other cells to the outer side of the organ of Corti, in line with the continued presence of large gap junction plaques between these cell types as observed by freezefracture and immunolabelling for Cx26. These dye transfer studies indicate that loss of Cx30 from the mature organ of Corti significantly reduces intercellular communication between Deiters' cells and prevents coupling of the Deiters' cell population with Hensen's cells.
Normal pattern of cellular repair at the apical surface of the organ of Corti
At the apical surface of the undamaged organ of Corti of normal mice, there is a regular mosaic of cells, the so-called reticular lamina, in which each hair cell is separated from its neighbour by intervening supporting cells (Fig. 5A ). When hair cells are lost the spaces they once occupied are filled by expansion of the heads of the supporting cells that surround each one. This produces a stereotypical pattern of cellular repair at the reticular lamina that is seen in almost all situations where OHC are lost. This pattern was displayed in the organs of Corti of control littermates of Cx30 null mice that had been treated with a combination of the loop diuretic, bumetanide, and kanamycin, an aminoglycoside antibiotic (Fig. 5B) , a treatment regime which causes loss of almost all OHC within 48 hours (Taylor et al., 2008; Taylor et al., 2012) . At the reticular lamina, each OHC in the first (innermost) row was replaced by the expanded heads of three cells (2 adjacent outer pillar and single 1st row Deiters' cells); each OHC in the second row was replaced by 4 supporting cells (outer pillar and three adjacent Deiters' cells); and each third row OHC, was also replaced by four cells (4 adjacent Deiters' cells). The head of the inner pillar cell although normally in contact with the first row OHC did not participate in the repair. Rather the inner pillar cell head retracted to expose the head of the underlying outer pillar cell (arrow in Fig. 5B ), a feature commonly seen in most conditions where OHC are lost (Taylor et al., 2012) , regardless of cause, for example with mutations that are associated with hair cell loss such as those in Ptprq (Goodyear et al., 2003) (Fig. 5C ).
Aberrant lesion closure in Cx30 null animals
The Cx30 null mice lose OHC progressively Sun et al., 2009) . At ca. 15-17 days after birth at the basalmost end of the organ of Corti there was scattered loss of OHC but most OHC were still present in the upper part of the basal coil. OHC loss had spread to the upper middle coil by 2 months of age. The heads of supporting cells filled the spaces once occupied by hair cells but the pattern of cellular repair in the Cx30 null mice was different from that which occurs following hair cell loss in normal animals.
In the organs of Corti of Cx30 null mice, the lesions created at the apical surface by the 'natural' (uninduced) hair cell loss were repaired by supporting cells, but the cellular pattern was irregular. The sites of loss of individual OHC were often closed by only one of the adjacent supporting cells rather than several of them ( Fig. 5D-I) . Also, inner pillar cells participated in closure. Thus, the space from which an OHC in the first row was missing was often replaced at the surface by an extension of the head of an inner pillar cell, that extension filling the entire space, and taking up the shape, of the OHC that had been lost (Fig. 5D,G,H) . In other instances a first row OHC was replaced by the head of a single outer, rather than inner, pillar cell (Fig. 5E ). Second row OHC could be replaced by the head of a single outer pillar cell or the head of a single first row Deiters' cell; individual second row OHC could be replaced by a single first row Deiters' cell or a single second row Deiters' cell; and third row OHC by individual second or third row Deiters' cell ( Fig. 5D-G) . The use of phalloidin to label F-actin associated with the adherens junctional complexes at the luminal end of the cells outlined the head of each cell. This confirmed that only a single supporting cell head expanded into the space of the lost OHC (Fig. 5H,I ). It also showed continuity of the junctions, suggesting maintenance of junctional complexes during the cellular re-organisation at the apical surface. In line with this inference, no obvious lesions through the apical surface were evident by SEM or in thin sections.
Changes in Deiters' cell body shape following hair cell loss
In control mice treated with kanamycin-bumetanide, and typical following loss of OHC in most conditions, in addition to expansion of the heads of the supporting cells at the surface, within the body of the organ of Corti, the normally thin phalangeal processes of the Deiters' cells enlarged to fill the prominent extracellular spaces that surround them such that adjacent Deiters' cells came closely adjacent along much of their length rather than just around the cell body region (e.g. Taylor et al., 2012) (Fig. 6A,B) . Subsequently the columnar supporting cells, Deiters' and pillar cells, may become replaced by a squamous-like 'flat' epithelium formed by cells from the outer side of the sensory strip migrating across the basilar membrane (Taylor et al., 2012) . This epithelial re-organisation is typical of many conditions in which hair cells are lost and was observed in the organs of Corti both of transgenic mice carrying the R75W mutation in CX26 and mice with Cx26 conditionally ablated from the organ of Corti (Fig. 6C) .
In the Cx30 null mice, in addition to peculiarities of lesion closure at the apical surface of the organ of Corti, the phalangeal processes of the Deiters' cells did not widen during the tissue repair that followed hair cell loss (Fig. 6D,E) . Deiters' cells retained a morphology similar to that in undamaged tissue (Fig. 5A) and at no time up to 16 months of age, the oldest examined, was there closure of the extracellular spaces within the organ of Corti in regions of total hair cell loss. Nor was there formation of a squamous-like, flat epithelium. Rather, from about 6 months of age, where all OHC were lost, there was initially gross enlargement of the extracellular spaces within the organ of Corti, most prominently that between the third row Deiters' cell and the cells to the outside (Fig. 6F ) that was most obvious in sections (Fig. 7A,B) . The fragility of the tissue in this condition made preservation for SEM difficult. The enlargement resulted from a heightening of the organ of Corti in the region outside the third row of Deiters' cells. The luminal surface of the enlarged extracellular space was covered by flattened cells in a single layer continuous with cells of the outer sulcus. These flattened cells showed morphological characteristics similar to those of the relatively non-specialized cells that normally reside to the outside of the Deiters' cells but they were detached from the basilar membrane (Fig. 7A,B) .
The heightening of the outer region of the organ of Corti was accompanied by a re-orientation of the apical surface of the epithelium across the Deiters' cell region relative to the underlying basilar membrane from the usual parallel orientation to an almost perpendicular one. Deiters' cells, however, remained in place and attached to the basilar membrane; their cell bodies showed normal morphology; and their apically projecting phalangeal processes were thin but reached to the epithelial surface ( Fig. 7B) : the elaborate junctional complexes characteristically associated with the neck region between adjacent cells at the luminal end of supporting cells were still evident in the distorted organ of Corti identifying the head regions of the Deiters' cells and indicating preservation of intercellular junctions (Fig. 7C) . The pillar cells also remained in place and attached to the underlying basilar membrane appearing morphologically normal (Fig. 7B) . Their characteristic prominent microtubule bundles maintained a normal arch and tunnel of Corti such that the 'upward' (luminal side) bend in the epithelium that resulted in the perpendicular orientation of the reticular lamina was created by a folding at the level of the outer pillar cells. At this stage the surface of the epithelium from the inner pillar cell inwards remained parallel to the basilar membrane and the cells of the inner sulcus remained attached to the basilar membrane and bony lip. This morphology of the organ of Corti in Cx30 null mice with OHC loss gave the impression of inward movement of the layer of cells to the outerside of the organ of Corti without accommodating movements of Deiters' or pillar cells which by remaining rigidly in place caused upward deflection of the inward migrating cell layer thereby generating the observed folding.
Where the organ of Corti was distorted, the tectorial membrane (the extracellular matrix material that overlies the organ of Corti) was displaced (Fig. 7A ) and became detached from its normal anchorage at the spiral limbus (Fig. 7D) . It often became rounded up, and its fibrillar structure was disorganized (Fig. 7E) . Unusually, the detached tectorial membrane became surrounded by a single layer of cells, which appeared distinct and separated from the nearby Reissner's membrane (Fig. 7E) . Immunollabelling showed the cells surrounding the tectorial membrane to express Cx26 in gapjunction-like plaques (Fig. 7F ). This suggests these cells derived from the non-specialized cells of the organ of Corti and not from the Reissner's membrane, the cells of which normally do not express any connexin.
In the cochleae of older Cx30 null animals, 14-16 month of age, the layer of cells arising from and continuous with the outer most region of the outer sulcus had extended further out from the basilar membrane (Fig. 7D,G ). It reached to the level of the Reissner's membrane and extended all the way across from the outer sulcus to the spiral limbus and inner sulcus. It surrounded the disorganized tectorial membrane which was often displaced towards the lateral side of the scala media, that is to the side opposite to that of its normal location (Fig. 7G) . However, on the basilar membrane, recognizable inner and outer pillar cells with apparently normal morphology and in their arched configuration were maintained in position (Fig. 7H) . Deiters' cells, identifiable by the presence of distinct microtubule bundles (Fig. 7I) , were also in place attached to the basilar membrane (Fig. 7H,I ), but they had lost their phalangeal processes and were rounded up.
Peculiarities of lesion closure are specific to Cx30 null animals
To determine whether the particular features of lesion closure observed were specific to Cx30 null animals we examined the cochleae of a number of different mouse mutants in which there is a similar progressive, 'uninduced' hair cell death. The stereotypical pattern was observed in all of them, for example as shown above, mice that are null for the protein tyrosine phosphatase receptor type q (Ptprq 2/2 ) (Goodyear et al., 2003) (Fig. 5C) . The generation of a flat squamous-like epithelium by migration of cells from the outer side of the organ of Corti across the Deiters' cells (Taylor et al., 2012) was also observed with all other mutants examined including as previously noted those with non-functional Cx26, both the conditional knockout animals ) and the CX26R75W transgenic animal (Fig. 6C) .
Discussion
The loss of Cx30 from the Deiters' cells reduces gap junction size and the level of intercellular communication. This coincides with disruption of the normal pattern of repair at the apical surface of the organ of Corti. Normally, several of the supporting cells in immediate contact with a dying OHC jointly close the lesion, but in the Cx30 null animals, while an apparently effective repair of the epithelial surface is accomplished, only a single supporting cell participates. Thus, it seems likely that gap junctions play a role in mediating the signalling necessary to coordinate the responses of the supporting cells during lesion closure, but that intercellular communication via gap junctions is not required to trigger the supporting cells' initial response to OHC injury.
Unusually, the inner pillar cell also participated in lesion closure. Dye transfer studies have shown that while the outer pillar cells and the Deiters' cells are extensively coupled together, there is no intercellular communication between these cells and the inner pillar cells (Jagger and Forge, 2006) . The first row OHC contacts the inner pillar cell only at the tight-adherens junction. Thus, the signal from the dying OHC that elicits the response from the inner pillar cell may be at that junction. Unusually extensive adherens junctions (Nunes et al., 2006) are the only contacts between an OHC and its immediate Deiters' or outer pillar cell neighbours throughout the normal organ of Corti and thus is a likely signalling site to trigger supporting cell responses. If this is so, it may be that the signal is not delivered equally to all cells since only one of the contacting cells, apparently at random, may respond when the normal patterns of intercellular communication are disrupted by loss of Cx30. That the inner pillar cell was able to effect lesion repair when normally it does not do so also indicates that this cell type retains a latent, usually redundant, capacity to expand in response to signals associated with a dying OHC in a manner similar to its other supporting cell cousins. It may be that the normal pathways of intercellular communication provide signals that interact in some way with adherens junction signalling to inhibit potential repair responses by inner pillar cells when OHC are lost.
Although the heads of the supporting cells in the Cx30 null mice retain an ability to expand to close lesions, albeit in an uncoordinated fashion, surprisingly there was no concomitant widening of the phalangeal processes of the Deiters' cells as normally occurs. The mechanisms underlying the rapid shape change of Deiters' cells following OHC loss are not known, but the present findings suggest that the expansion of the head region of the supporting cell -that is that part of the cell enclosed by the tight/adherens junction -is a separate event from the widening of the phalangeal process, and that loss of Cx30 is associated with failure of cell shape change amongst Deiters' cells in the repairing epithelium after hair cell loss. We have shown previously (Taylor et al., 2012) that extensive intercellular communication between Deiters' cells is maintained during the cell shape changes that normally occur during organ of Corti repair. The present observations therefore suggest that these shape changes may be dependent upon intercellular communication amongst the Deiters' cell population and/or from signals deriving from Hensen's cells: in Cx30 null animals Hensen's and Deiters' cells are not coupled together as they are in normal animals. Furthermore, as well as the lack of change in cell shape there was also loss of the migratory activity of Deiters' cells that we have previously observed during the cellular reorganization that follows the initial epithelial repair and which culminates in the replacement of the columnar epithelium of the organ of Corti with a 'flat' squamous-like epithelium (Taylor et al., 2012) . The change in cell shape may therefore be a necessary prelude for subsequent migration.
The flat, squamous-like epithelium that normally ultimately replaces the columnar supporting cells following hair cell loss derives from a coordinated inward migration of the layer of cells from the outer side of the organ of Corti (Taylor et al., 2012) . In the Cx30 null animals this layer moves inwards, but rather than generating a flat epithelium covering the basilar membrane, it eventually results in the formation of a thin layer of cells detached from the basilar membrane across the whole width of the scala media at a level above that of the normal surface of the organ of Corti. The movement of this cell layer may suggest that signals initiating migration are retained in the Cx30 null animals and that the machinery generating cell motion resides within that population of simple epithelial cells to the outerside of the organ of Corti. These cells normally express Cx26 extensively and that expression is retained when Cx30 is absent. Even though Cx30 is also normally expressed by these cells, the retention of a high level of Cx26 expression and of extensive intercellular communication likely provides sufficient cell-cell coupling for co-ordinating the activities of the cells in the absence of Cx30. Some features of the re-organisation of the organ of Corti bear similarities with the progression of wound healing in skin where cellular migration plays a crucial role. It has been reported that in mice there is upregulation of Cx30 at the migratory leading edge of the closing wound (Coutinho et al., 2003) leading to the proposal that Cx30 may be important for synchronizing cell movements during wound healing.
Loss of Cx30 did not completely eliminate gap junction plaques from the Deiters' cells nor totally abolish intercellular communication between them. It did however abolish dye transfer between Deiters' and Hensen's cells almost completely. Both Cx30 and Cx26 are present in gap junctions between Deiters' cells possibly in heteromeric configuration (Ahmad et al., 2003; Forge et al., 2003; Jagger and Forge, 2006) . Immunolabelling suggests that the small gap junction plaques that are present on the membranes of Deiters' cells in the Cx30 null mice are composed of Cx26, and there was no evidence for its upregulation, nor for the upregulation of some other connexin, with loss of Cx30 . The permeability properties of gap junction channels that contain Cx30, either alone or in heteromeric configuration with Cx26, are different from those formed of Cx26 only (Manthey et al., 2001; Marziano et al., 2003; Yum et al., 2007 ); Cx30 appears to play a role in restricting the passage of large anionic species. Thus, in the normal functionally mature organ of Corti anionic signalling molecules, such as IP3, c-AMP and ATP, may be unable to pass easily between Deiters' cells or between Hensen's and Deiters' cells. On the other hand it has been suggested that heteromeric Cx26/Cx30 channels allow passage of calcium more readily than either Cx26 only or Cx30 only channels (Sun et al., 2005; Yum et al., 2007) . In cultured explants of the immature organ of Corti, ATP stimulates the propagation of calcium waves that are initiated amongst the cells to the outerside and which travel across the Deiters' cell region (Majumder et al., 2010) . In agreement with our present observations of the reduced transfer of Nbn, which is a large cation, absence of Cx30 in these cultures results in reduced calcium wave propagation (Ortolano et al., 2008) . It has been suggested that in these explant cultures ATP released from dying hair cells binds to P2Y 2 receptors that are localised to the simple epithelial cells at the outerside of the organ of Corti, triggering calcium release and initiating the waves (Gale et al., 2004) . P2X and P2Y receptors are also expressed by the Hensen's and outer sulcus cells in the mature organ of Corti (Housley et al., 2002) . It could be therefore that in the mature cochlea of the Cx30 null mice, signals are initiated amongst the cells to the outer side of the organ of Corti upon death of OHC and ATP release but in the absence of intercellular communication between Hensen's and Deiters they are prevented from reaching the Deiters' cell. Consequently, these cells fail to respond thereby resulting in abnormalities of epithelial repair.
In summary, the present work, points to a particular role for Cx30 in the organ of Corti in mediating repair responses following hair cell loss. With Cx30 also implicated in wound healing in skin, we suggest that one role for this particular connexin is in mediating the signalling involved in repair of damaged epithelia.
Materials and Methods

Animals
All animal use was conducted under regulated procedures licenced by the UK Home Office and approved by the Animal Use Committee of UCL. Embryos of Cx30 null mice (Gjb6 2/2 ) were obtained from the European Mouse Mutant Archive (EMMA; http://www.emmanet.org/). These animals were originally generated in a mixed 129P2/Ola-Hsd and C57BL/6 background. They were rederived in surrogate mothers and subsequently maintained on the original background. The genotyping was as described by Teubner et al. (Teubner et al., 2003) . Age matched and littermate wild type and heterozygous gjb6 +/2 animals acted as controls. For some comparisons, the cochleae of mice with non-functional Cx26 were examined. Mice with an insertion of the dominant negative mutation, R75W, in the human version of Gjb2 gene (Kudo et al., 2003) were obtained from Prof K Ikeda (Tohoku University). These transgenic animals were maintained in our animal facility on a C57BL/6 background. In addition, some fixed cochleae excised from animals in which Cx26 had been conditionally deleted from the organ of Corti were supplied by Dr Xi Lin (Emory University, Atlanta). The transgenic 'R75W' mice and the mice with conditional Cx26 ablation, both exhibit delayed development of the organ of Corti and are profoundly deaf (Kudo et al., 2003; Wang et al., 2009 ).
Preparation of cochleae for examination
Auditory bullae were isolated and the cochleae exposed. Fixative was gently perfused into the cochlea through openings made by removing a small piece of bone at the apex and by rupturing the bone between the round and oval windows at the base. For immunolabelling the fixative was freshly prepared 4% paraformaldehyde in phosphate buffered saline (PBS). For scanning electron microscopy (SEM), for transmission electron microscopy (TEM) of thin-sections and for freeze fracture the fixative was 2.5% glutaraldehyde in 0.1 M cacodylate buffer pH 7.3 with 2 mM CaCl 2 . Fixation was continued for 2 hours. The cochleae were then decalcified in 4% EDTA for 48 hours.
Immunolabelling
Immunolabelling was performed on frozen sections of entire decalcified cochleae or whole mount preparations of the organ of Corti isolated from decalcified cochleae. Frozen sections were cut at 10-15 mm. Samples for labelling were permeabilized in 0.5% Triton X-100 (Sigma), then incubated in a blocking solution of 10% goat serum in PBS for 30-60 minutes. Samples were incubated in primary antibody in 100 mM lysine in PBS either for 2 hours at room temperature or overnight at 4˚C. Following extensive washing in PBS, samples were incubated in the appropriate anti-mouse or anti-rabbit secondary antibody tagged to FITC or TRITC. Fluorescently conjugated phalloidin at 1 mg/ml was added to the secondary antibody mixture. Primary antibodies used were a mouse monoclonal to Cx30 (Invitrogen 33-250), a rabbit polyclonal to Cx30 (Invitrogen 71-2200), a mouse monoclonal to Cx26 (Invitrogen 33-5800), a rabbit polyclonal to Cx26 (Gap28H, a kind gift from Prof Howard Evans, University of Cardiff) and a rabbit polyclonal to Cx43 (Sigma, C6219). All of these antibodies were tested for specificity in HeLa cells expressing either Cx30, Cx26 or Cx43. No crossreactivity of the Cx26 or Cx30 antibodies was detected, and neither of the antibodies to Cx30 labelled tissue from the Cx30 null mice.
Electron microscopy
Glutaraldehyde-fixed, decalcified cochleae for SEM and for sectioning were postfixed in 1% cacodylate-buffered OsO 4 . Cochleae for SEM were dissected to isolate the organ of Corti in approximately half turn segments which were processed through the thiocarbohydrazide-OsO 4 repeated procedure (Davies and Forge, 1987) before dehydration in an ethanol series and critical point drying. They were examined in a JEOL 6700F cold field emission instrument operating (JEOL UK, Welwyn Garden City) at 3 or 5 Kv and digital images were collected. Cochleae for sectioning were processed intact without any dissection. Following post-fixation in OsO 4 they were partially dehydrated to 70% ethanol then incubated in a saturated solution of uranyl acetate in 70% ethanol overnight at 4˚C before completion of dehydration and embedding in plastic. Sections of the entire cochlea for light microscopy, ca.1 mm thick, were cut parallel to the modiolus and stained with Toluidine Blue. A series of thin sections for TEM were then cut. For each cochlea that was prepared for thin-sectioning, the opposite ear of the same animal was prepared for SEM. For freeze-fracture, segments of the organ of Corti were dissected from glutaraldehyde-fixed decalcified cochleae, and cryoprotected in 25% glycerol in cacodylate buffer before freezing in rapidly stirred propaneisopentane (4:1) cooled in liquid nitrogen. Freeze-fracture and replica production were performed in a Balzers BAF400D unit using procedures described elsewhere . Thin sections and freeze-fracture replicas were examined in a JEOL 1200EXII instrument and digital images collected with a Gatan Ultrascan camera (Gatan UK, Abingdon, UK). Images of freeze-fracture replicas are presented in reverse contrast so that shadows appear black. All digital images were adjusted for optimal contrast and brightness using Photoshop CS4 software (Adobe, San Jose, CA, USA).
Dye transfer in cochlear slice preparations
Slices of the viable cochlea (Jagger and Forge, 2006; Taylor et al., 2012) were obtained from Cx30 null animals at P15-P16. Slices were maintained in and superfused with artificial perilymph (150 mM NaCl, 4 mM KCl, 2 mM MgCl 2 , 1.3 mM CaCl 2 , 10 mM HEPES, and 5 mM glucose, pH adjusted to 7.3 with NaOH). Individual supporting cells were patch clamped and neurobiotin (Nbn) was injected into them via the patch clamp electrode during whole-cell patch clamp recording. The slice was incubated at room temperature for 10 minutes and then fixed in 4% paraformaldehyde. To detect Nbn, slices were permeabilized (0.1% Triton X-100 for 40 minutes), blocked (0.1 M L-lysine, at 35˚C for 40 minutes), and incubated for 2 hours in Alexa-Fluor-555-conjugated streptavidin (1:1000; Invitrogen, Carlsbad, CA). The slices were also immunolabelled for Cx26 using the Gap28H antibody, and a secondary antibody conjugated to Alexa Fluor 633.
